Siaw-Lang WONG † , Raveendran PARAMESRAN †a) , Ibuki YOSHIDA † † , Nonmembers, and Akira TAGUCHI † †b) , Fellow SUMMARY Light scattering and absorption of light in water cause underwater images to be poorly contrasted, haze and dominated by a single color cast. A solution to this is to find methods to improve the quality of the image that eventually leads to better visualization. We propose an integrated approach using Adaptive Gray World (AGW) and Differential Gray-Levels Histogram Equalization for Color Images (DHECI) to remove the color cast as well as improve the contrast and colorfulness of the underwater image. The AGW is an adaptive version of the GW method where apart from computing the global mean, the local mean of each channel of an image is taken into consideration and both are weighted before combining them. It is applied to remove the color cast, thereafter the DHECI is used to improve the contrast and colorfulness of the underwater image. The results of the proposed method are compared with seven state-of-the-art methods using qualitative and quantitative measures. The experimental results showed that in most cases the proposed method produced better quantitative scores than the compared methods. key words: underwater image enhancement, color cast, contrast enhancement
Introduction
In the past few years, there are lots of researches have been done for the improvement of image quality, but limited works in the area of underwater imaging. Different from common images, obtaining clear and high contrast images in underwater environment is always a challenging task yet an essential issue in marine engineering [1] . Underwater images suffer from poor visibility due to two major sources, which are light attenuation and light absorption. As soon as light coming from an optically less dense medium, which is air, and entering a denser medium, which is water, the light is partly reflected back while partly enters the water. The amount of light that is reflected upward depends strongly on the height of the sun and the condition of the sea. Light is exponentially attenuated when travels in the water as it is deflected and scattered several times by water particles before reaching the camera. All these in turn cause the underwater images to be poorly contrasted and hazy.
Furthermore, water absorbs light in a way that air does not. Absorption significantly reduces the light energy and it depends on the index of refraction of the medium. Different wavelengths of light that travel in the water are attenuated at a varying degree [3] . For every ten meters increase in water depth, the amount of light is reduced and colors are dramatically dropped off one by one depending on their wavelengths. As illustrated in Fig. 1 , red light attenuates faster than the blue counterpart as it possesses the longest wavelength and lowest frequency compared to other colors [2] . That is the reason why most of the underwater images are having color distortion and dominated by bluish tone. Although the visibility range can be increased by employing artificial lighting, for instance strobe light, it tends to illuminate the scene in a non-uniform fashion by producing a bright spot in the center of the underwater image with a poorly illuminated area surrounding it [4] . Besides, backscatter, the example shown in Fig. 2 , occurred as well when the camera s strobe lights lighting up suspended particles within the water column between the object and camera lens. It appears as "marine snow" on the image display. The most annoying part is backscatter is never visible when capturing underwater images.
In our previous work [6] , an integrated method that consists of AGW and DHE methods has been presented. The AGW is to remove the color cast, while DHE is to increase the contrast of the underwater image. The outputs of both chromaticity components of AGW and intensity components of DHE are combined to form the enhanced image. Compared to our previous work, this paper proposed a method to remove the color cast as well as improve the contrast and colorfulness of the underwater images using AGW and DHECI respectively. In taking this approach, our proposed method achieved better visual quality by removing undesirable color casts that gave a natural appearance to the underwater image and in most cases produces better quantitative scores when compared to the state-of-the-art methods.
The rest of the paper is organized as follows. In Sect. 2, the previous works are reported. Next, the proposed method for color cast removal and contrast improvement are provided in Sect. 3. Section 4 presents the experimental studies and the results of the comparison between the proposed method and existing state-of-the-art methods. Section 5 concludes the paper.
Related Works
Underwater image processing has attracted attention in recent years as many techniques have been developed to enhance the images as well as restore the images after distortions have been removed [4] , [7] - [9] . Ao and Ma [10] presented an Adaptive Linear Stretch (ALS) method that can adjust the low distribution lightness values and set an adaptable threshold according to the underwater image histogram. Hou et al. [11] presented an underwater image enhanvement method named Wavelet-Domain Filtering (WDF) and Constrained Histogram Stretching (CHS) to be operated on HSI and HSV color models, respectively.
Although single image dehazing methods have demonstrated their effectiveness in atmospheric images [12] - [14] , but they have significant limitations to be directly implemented in underwater images. Thus, changes were made to the developed dehazing models to overcome the hazy issues that occurred in underwater images. Carlevaris-Bianco et al. [15] proposed a simple yet effective prior that exploits the major difference in attenuation among three color channels in water to estimate the scene depth. Chiang and Chen [16] segmented the foreground and the background regions based on DCP [17] , [18] then remove the haze and color variations based on color compensation. Drews-Jr et al. [19] assumed that the predominant source of visual information under the water lies in the blue and green color channels and their Underwater DCP (UDCP) has shown better transmission estimation of underwater scenes than the traditional DCP. Li et al. [20] , [21] proposed another underwater image enhancement method which includes an underwater image dehazing algorithm that built on a minimum information loss principle and a contrast enhancement algorithm based on histogram distribution prior. Lu et al. [22] have developed a fast weighted guided normalized convolution domain filtering algorithm for enhancing underwater optical images. Galdran et al. [23] introduced the Red Channel prior to recovering colors associated with short wavelengths in underwater. Em-berton et al. [24] designed a hierarchical rank based method to estimate the veiling light and adapted transmission estimation step which prevents oversaturation and artifacts in the dehazed image.
In the case of color cast in underwater images, several techniques have been developed to remove it. One of the most well-known algorithms that used to remove the color cast is based on GW hypothesis that was proposed by Buchsbaum [25] . GW method has been widely used in atmospheric images [26] to remove color cast. In some cases, after the removal of the color cast, color correction is applied [27] . In the underwater image enhancement method, Bianco et al. [28] proposed a color correction method for underwater imaging in the Ruderman opponent color space lα β that based on GW and uniform illumination assumptions. Park et al. [29] proposed an approach that able to adjust the color balance using biasness correction and the average luminance. The scene visibility is enhanced based on underwater optical imaging model and the noise in the output images is reduced by non-local means (NLM) denoising. Next, Ancuti et al. [30] presented an approach based on the fusion principle for enhancement of images and videos obtained in different lighting conditions. Color correction is performed by a white balancing process to remove the color casts and recover the white and gray shades of the image based on the gray-world assumption. Further, Ancuti et al. [31] revised the practical implementation of the fusion approach by proposing an alternative and simplified definition of the inputs and associated weight maps. Through their comprehensive study that focuses on underwater scenes, the well-known GW algorithm achieves good visual performance for reasonably distorted underwater scenes. However, this GW suffers from severe red artifacts when dealing with extremely deteriorated underwater scenes. Those artifacts are due to a very small mean value for the red channel and leading to an overcompensation of this channel in locations where red is present. Thus, to compensate for the loss of the red channel, they have made four observations that will be adopted in our proposed method as well.
Proposed Structure for Color Cast Removal and Contrast Enhancement
In this paper, a structure consisting of AGW and DHECI methods, as shown in Fig. 3 , is proposed to remove the color cast and enhance the image contrast and colorfulness respectively. In this structure, before the color cast is removed using AGW method, the red and blue channels of the underwater image are first compensated. The output image of the AGW is then transformed from RGB to HSI color space to facilitate the color image enhancement to take place. The DHECI method is adopted in this structure as it can improve the contrast and colorfulness of the underwater image. The details of each step in the method are described next. 
Color Cast Removal
As the water depth increases, the red color in the image reduces. Besides that, the blue channel may be significantly attenuated as well in turbid water or in areas with high concentration of plankton. In other words, the compensation of the red and blue channels need to be performed. According to the four observations in Ref. [31] , Ancuti et al. have proposed the compensated red and blue channels as follows
where R(i, j), G(i, j), B(i, j) represent the red, green and blue color channels with the interval [0, 1],R,Ḡ,B denote the global mean value of R(i, j), G(i, j), B(i, j) and α r b denotes a constant parameter, while the green channel remains as G(i, j). As reported by Ancuti et al. [31] , they have performed practical tests and showed that a value of α r b = 1 is appropriate for various illumination conditions and acquisition settings. After the red and blue channels attenuation have been compensated, the Adaptive GW is then implemented to remove the illuminant color cast. In Ref. [6] , AGW is an adaptive version of GW, which apart from computing the global mean of each channel of an image, the local mean of each channel is also considered and both are weighted before combining them. The global mean for compensated channels of the underwater image is calculated usinḡ
where R c (i, j), B c (i, j) are the compensated red and blue Fig. 4 , by just using only GW method, not only it removes color cast but introduces some reddishness that may affect the visual aspects of the image. To reduce this reddish cast, a combination of weighted global mean and weighted local mean is used in this study. The local mean of each channel is computed usinḡ
where W L is the moving local average window size for (2L + 1) × (2L + 1) region with L is set to 10. This calculation, otherwise known as local averaging operation, where the value of each pixel is replaced by the average of all the values in the local neighborhood. The edge borders of the processing images are padded with mirror reflections of themselves.
Next, both the global and local mean values are scaled and combined as follows
where 0 ≤ α ≤ 1 andR θ (i, j),Ḡ θ (i, j),B θ (i, j) represent the compensation mean value for each channel. Subsequently, the AGW is obtained by averaging out the compensated color channels with compensation mean value which can be expressed as 
where
Performance Analysis of GW and AGW
A qualitative comparison between the enhanced images that are processed with GW and AGW methods is shown in Fig. 4 , while the quantitative evaluations using UCIQE and UIQM metric are shown in Table 1 . It is noticeably seen that enhanced images shown in second column of Fig. 4 that used GW method have more reddish casts especially on the water bubbles and background areas when compared to the enhanced images shown in third and fourth columns of Fig. 4 that used AGW method. The underwater metrics UCIQE and UIQM gave higher scores for images in second column of Fig. 4 . This is due to one of the measureable components in the UCIQE and UIQM metrics that consider the colorfulness of the bubbles and objects that may not necessarily correlate to the human visual system evaluation. For example, the bubbles should be ideally colorless and the purpose of using the local mean is to reduce this reddishness. Nevertheless, the contrast and colorfulness of the enhanced images that are processed with AGW method can be further improved by integrating the DHECI method.
Contrast Enhancement
In this paper, the DHECI method is adopted from [34] and it is applied to improve the contrast and colorfulness of the image. The DHECI method is actually an extended version of DHE [35] for a color image. Unlike grayscale images, there are some factors in color images like hue components that need to be properly taken care for enhancement. In other words, hue-preserving enhancement methods [36] - [38] are required and the color image is transformed from RGB to HSI color space by using the transformation formula represented in Ref. [39] . Nakai et al. [34] have defined two differential 
and the differential intensity gray-levels d I (i, j) of the image is calculated using
Next, the differential intensity gray-level histogram (DIH) is computed using
where D r is a region composed of pixels whose value is r that takes the values between 0 and 255. In other words, the horizontal axis of DIH is gray-level r while the vertical axis is the total differential gray-levels of I (i, j) points which meet the condition I (i, j) = r. For example, the total sum of the computation of h I d (0) is obtained by summing the values of d I (i, j), where (i, j) are the locations of I (i, j) = 0.
In the case of computing the saturation component, the approach is similar to the intensity component computations. First, the saturation component of the image is computed as
where a is the minimum value among R(i, j), G(i, j) and B(i, j). Similiar to the computation of d I (i, j), the differential saturation gray-levels d S (i, j) of the image is computed using
And, the computation of the differential saturation gray-level histogram (DSH) is given by
where D r is a region composed of pixels whose intensity value is r, which is I (i, j) = r. The computation of h S d (r) is obtained in the same way as in the computation of h I d (r). For the case of color image, two differential gray-levels histograms, which are DIH and DSH, are then combined for both contrast and colorfulness of the image, respectively. The combined histogram is given by
where α c is the scale factor in the range of 0 ≤ α c ≤ 1. The DHECI is obtained using the following transformation function
Lastly, the enhanced image RGB o (i, j) is then computed using
Experimental Results and Discussion
In this section, we begin with the analysis of parameters selection for local window size (L) in AGW and scale factor alpha (α c ) in DHECI. Then, the qualitative and quantitative differences between the proposed method and the state-ofthe-art methods are carried out using the following four metrics: Entropy, Patch-based Contrast Quality Index (PCQI) [40] , Underwater Color Image Quality Evaluation (UCIQE) [32], and Underwater Image Quality Measure (UIQM) [33] . Entropy is used to measure the image information content where the higher entropy values of an image indicate more information contained in that particular image. As given by Eq. (16) , it is calculated as the summation of the products of the probability of outcome multiplied by the log of the inverse of the outcome probability.
where n is the total number of intensity level, p i represents the probability that the difference between two adjacent pixels is equal to i. PCQI is a general-purpose image contrast metric that assessed the image quality of contrast changed based on an adaptive representation of local patch structure. According to Ref. [40] , they represented any image patch in a unique and adaptive way as three conceptually independent components, which are q i (x, y), q c (x, y) and q s (x, y) that refer to the mean intensity, signal strength and signal structure, respectively. It is defined as
where X is the original image, Y is the test image and M is the total number of patches. One significant advantage of PCQI is that when it is applied to local patches across the image, a spatially varying quality map is created, which delivers useful information about the local quality variations across space. The higher PCQI values indicate the image has better contrast. On the other hand, the UCIQE metric is designed specifically to quantify the non-uniform color Table 3 Underwater quantitative evaluations of ENTROPY for Fig. 7 . 
where σ c is the standard deviation of chroma, con l is the contrast of luminance and µ s is the average of saturation, and c 1 [15] method, (c) [19] method, (d) [23] method, (e) [24] method, (f) [20] method, (g) [31] method (h) [6] method and (i) proposed method (L = 10, α = 0.5 and α c = 0.1). The quantitative evaluation associated with these images is provided in Tables 3-6. presented attribute measure is inspired by the properties of HVS. Refer to Ref. [33] , the overall underwater image quality measure is given by
where the colorfulness, sharpness and contrast measures are linearly combined together.
Selection of Parameters
In this experimental study, the local average window size (L) in compensation mean of AGW is set to 10. Experiments were carried out to show the performance of using different local window size (L = [10, 30, 50, 100]). Since the results of UCIQE and UIQM metrics follow the same trend, so only one of them have been shown. The quantitative scores of different L using UIQM as well as the CPU time (in seconds) for three images (Ship, Galdran1, Reef3) are shown in Table 2 . The values in bold in the Table 2 represent better UIQM scores, while the values in italic represent shortest CPU times. The results of UIQM metric in Table 2 indicate that the smaller values of L would yield better UIQM scores compared to the higher values of L. Thus, L = 10 is selected as it takes less computational time too when compared to the higher local window size. Next, the significance of α c in DHECI can be seen in Fig. 6 . When α c = 1, the intensity component becomes zero in Eq. (13) . Hence, there is a loss of color when compared to α c = 0. On the other hand, when α c = 0, the saturation component in Eq. (13) is zero, hence the brightness in the images as shown in the Fig. 6(a) is quite high. Fig. 6 Tables 3, 4 , 5 and 6 provide the associated quantitative evaluation using four metrics: Entropy, PCQI, UCIQE and UIQM. In this study, there are eight images have been selected to be used for both qualitative and quantitative evaluations.
As can be seen in Fig. 7 , the source underwater images consist of color cast, haze and lack of contrast. It is noticeable that the methods of Galdran et al. [23] and Ancuti et al. [31] have consistently removed the greenish and bluish casts in the whole underwater images and recovered visibility. However, as attested by the last two columns in Fig. 7 , our work in Ref. [6] and the proposed method not only removed the undesired color cast and improved the visibility, they have increased the brightness and preserved natural appearance of the underwater images. Furthermore, the overall resultant images produced by proposed method showed an improvement in terms of image contrast and color. The objects or subjects in the underwater images are well-observed and leave a better impression to the viewers. This can be further validated by the quantitative assessments where our proposed method having averagely higher values of the PCQI, UCIQE and UIQM metrics. For the methods of Carlevaris-Bianco et al. [15] , Drews-Jr et al. [19] , Emberton et al. [24] and Li et al. [20] , some greenish and bluish casts still remain in their enhanced images as their methods are more focused on dehazing in underwater scenes.
Conclusion
In this paper, a structure consisting of AGW and DHECI methods is proposed to remove the color cast as well as to enhance the contrast and colorfulness in underwater images. AGW method is an adaptive version of GW where apart from computing the global mean, the local mean of each channel of an image is taken into consideration and both are weighted before combining them together. However, before the color cast removal AGW method is applied, the red and blue channels of underwater images are first being compensated due to the very small mean value that caused severe red artifacts occurred. Thereafter, the DHECI method is employed to increase the contrast and colorfulness of the image. The results of the proposed method are compared with seven state-ofthe-art methods using qualitative and quantitative measures. The proposed method has increased the visibility of underwater images and in most cases produces better quantitative scores when compared to the seven state-of-the-art methods.
